Considering the Maisotsenko cycle (M-cycle) for open systems, enforcement of the heat exchange by the electrohydrodynamic driving of working fluid and dielectrophoretic nucleation in the phase change are evaluated. Theoretical modeling for both phenomena is supported by experimental data. The thermodynamic balance of energy is analyzed with a goal to reveal optimal conditions and conceptual limitations for examples of such systems as energy-efficient indirect evaporative air coolers and low-temperature condensers of geothermal heat machines.
INTRODUCTION
The Maisotsenko cycle (M-cycle) implies the effective combination of heat exchange and evaporative cooling to intensify an indirect evaporative cooling process (Gillan, 2008; Maisotsenko et al., US Patents) . In terms of psychrometrics, the Mcycle utilizes the increased available enthalpy increment due to the evaporation for the saturation of the precooled air compared to the same air saturated at an initial, higher temperature. Thermodynamically, the M-cycle is the optimized heat exchange during the evaporation that makes more efficient use of the evaporating potential in the ambient air mass flow. It may also be applied by the modification of vapor phase, for example, by the nucleation of liquid on electrically charged ions or electrically stimulated condensation on a charged nucleus. Besides the obvious depletion of the vapor phase (the reduced relative humidity in the case of wet air), electrically stimulated condensation allows for the spatial displacement of moisture by the using of Coulombic force and even for the stimulated vapor flow due to the drag by moving charged particles (an electrohydrodynamic effect). Consideration of these electrically driven phenomena is the subject of presented work.
DIELECTROPHORETIC NUCLEATION
An asymmetric distribution of electric charges in the vapor molecule (water, alcohols) allows using dielectrophoresis (Pohl, 1978) -the drift of dipoles in the gradient of the electrical field -to directly affect the water vapor by an external electric field. Complementing the fact that a high gradient of electrical field can be obtained near electrodes with large curvatures (Patsch and Hoof, 1993) , the ionic current through the airstream serves as an additional multipoint distributed absorber because every single ion produces a high field gradient around it. Therefore, the enrichment of vapor is created near each microelectrode, which was demonstrated experimentally (Reznikov, 2003) .
The ionization of water vapor (steam) leads to the nucleation of water droplets due to the native polarity of water molecules, which have a natural dipole moment, ρ o = 6.17 × 10 -28 C⋅cm. Any particle with a dipole moment ρ o , if placed in the gradient electric field E, experiences the dielectrophoretic force F dph = ρ o grad E, directed to the side of the increased field E. Polar water molecules drift in the gradient electric field and produce the gradient of vapor concentration. The stable state occurs when the drift and local diffusion flows are equal, which leads to the classic Maxwell distribution, n = n ∞ exp (U/kT), where the potential energy U of a molecule at radius R from the point charge q can be calculated by integration of dielectrophoretic force from distance R to infinity:
Therefore the gradient electric field induces the enrichment of water vapor, γI = pR/pv = exp (U/kT) (kT = 0.026 eV), near the charged particle or very thin wire electrode. In practice, the corona current or even natural ionization of air produces ions that serve as centers for vapor condensation, thus producing droplets of water (fog dielectric permittivity of vacuum α polarizability ε dielectric constant of material Φ dp dielectrophoretic potential
where v l is a molar volume in liquid (18 cm3 for water), N A is Avogadro's number (6.02 × 1023), p ∞ is the pressure of saturated water vapor above a flat surface, or 1.33 × 102 N/m 2 for water at 20 o C, and σ = 72.84 × 10 -3 N/m is the surface tension of water at room temperature. The vapor oversaturation (relative to the saturation pressure of vapor over the liquid flat surface) near the small droplet is illustrated in Fig. 1(a) . This plot shows that droplets of any size are not stable in proximity to the bulk water surface if this proximity is close enough for the diffu- sion of vapor molecules. Nevertheless, in the absence of a bulk water surface, droplets coalescence through the vapor phase -small droplets evaporate and locally increase the density of vapor, which leads to the growth of bigger droplets through condensation. The dielectrophoretic potential significantly decreases the chemical potential (the free energy per molecule) in the small droplet, as shown in Fig. 1(b) . For comparison, note that kT at room temperature (300 K) is ~ 5⋅10 -15 μJ. Because of the dielectrophoretic potential of a charged droplet [see Eq. (1)], the energy barrier for evaporation from such a droplet is increased, which may be interpreted as the decrement of effective surface tension [see Fig. 2 (a)] and, correspondingly, the saturated vapor pressure near the surface is lowered, as shown in Fig. 2 
(b).
A comparison of Figs. 1 and 2 illustrates that the electric charge significantly decreases the saturated vapor pressure relative to the neutral droplet of the same size. While the surface tension is decreased by less than 1%, the decrement of 
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saturated vapor pressure varies in the range of a few percent. Of course, this does not change the instability of the droplet (i.e., the cluster of a few water molecules) relative to the bulk water, but the stability of nanodroplets increases in the vapordroplets mixture, and droplets grow until equilibrium with the vapor phase is reached. If such a charged droplet reaches the boundary region with the flat liquid surface (for example, the surface of the condenser), the droplet begins to evaporate due to the lower vapor pressure in this region, but the drift of the droplet toward the water surface due to the electrostatic force leads to the direct deposit of the condensed phase to the bulk condensate. Therefore the ionization of wet air or steam allows for highly localized condensation in the volume of vapor, with the subsequent acquisition of water clusters at the condenser surface. The partial evaporation of nanodroplets during their delivery to the bulk condensate has two positive effects: (1) the water temperature in the nanodroplet decreases, which decelerates evaporation; (2) the partial evaporation of droplets as they travel to the condenser wall is not a loss because this increases the vapor pressure near the cold wall, thereby improving the condensation rate. Applied to the M-cycle evaporative cooler, dielectrophoretic nucleation provides the ability to dehumidify the stream of ambient air and correspondingly increase the evaporative potential of air in humid areas. The simplest way to introduce charge carriers (ions) is the ionization of air by corona discharge that was experimentally demonstrated (Reznikov, 2003) . Figure 3 shows the change of absolute humidity content in highly humid (RH ~ 98%) air circulating through the chamber equipped with the corona ionizer. 
DIELECTROPHORETIC SCRUBBING
While the highly gradient electric field around the single charged ion in the air or steam effectively stimulates the nucleation of liquid phase, there are a few drawbacks in the ionization of air:
1. The dielectrophoretic field of a single-charge ion is highly localized. Therefore the effective radius of dielectrophoretic interaction between the singlecharge ion and the surrounding vapor molecules is relatively small, d nm. 2. The intensive recombination of plasma near the corona electrode generates the UV radiation, which in turn produces the ozone from atmospheric oxygen. While this may be tolerated in the industrial processes, the ozone generation in air conditioners should be limited. 3. The restriction of power in corona discharge to reduce the ozone generation restricts the density of corona current that, in turn, limits the efficiency of dehumidification by the corona.
These limitations are mitigated by the introduction of charge carriers without the actual ionization of air if the electrospray technology is used. The electrospray (Tepper et al., 2007 ) is the electrostatic atomizer, which implements the Taylor cone effect (extracting liquid from a capillary tube by an electric field, see Fig. 4 ), which is widely used in a number of applications from mass spectrometers to microthruster applications. Bulk liquid is delivered by a capillary, which is charged to a high voltage near a grounded planar electrode. When the pulling electrostatic force exceeds the force of the surface tension, the fluid is extracted from the capillary. The charge density, ρ e , contributes to the electrical force per unit volume acting on the fluid,
The first term in Eq. (3) represents the electrophoresis and arises from the free charge interaction, while the second term is the dielectrophoresis and comes from the polarization effects. The right side of Eq. (3) can be converted, using the Poisson equation, to a term proportional to the charge density,
where the right-hand side implies there is an exponential decay in the charge density at any point in the interior of a conducting liquid, with a characteristic relaxation time of τ = ε 0 ε ⁄ k. Because the permittivity ε 0 is very small (e.g., 8.854 × 10 -12 F/m in SI units), charge decay is usually very fast and the charge collects at the surface of liquids with even a minimal conductance.
As the applied voltage is increased and an effective Coulombic force approaches the force of the surface tension, a cone shape begins to form, with convex sides and a rounded tip. This approaches the shape of a straight cone, which is called a Taylor cone, with a whole angle 2θ 0 of 98.6 o . When a certain threshold voltage has been reached, the slightly rounded tip inverts and emits a jet of liquid. The threshold electric field at which emission begins has been characterized by the relationship where r c is the radius of the emitter. Due to electrical instability, the jet breaks into individual droplets that have an excess of charge. The amount of this charge is fixed and is determined by the experimental variables of flow rate and applied voltage (Gomez and Tang, 1994) . The amount of charge q R at which the Rayleigh limit is exceeded and fission occurs has been described by the mathematical relationship where r is the radius of a droplet. Thus the repulsing electrostatic forces disperse the charged liquid jet into multiple drops. The presence of an electric charge prevents the individual droplets from coalescing and allows electrical steering of the stream toward the target. ,
Equation (6) shows that the total charge q R carried by the droplet increases with the droplet radius r, i.e., larger electrospray droplets bear charge, which significantly exceeds the single ion charge carried by droplets created due to the nucleation of water vapors on ions in the humid air. This is illustrated in Fig. 5(a) , which presents the results of the numeric calculation of the carried charge at varied radius of electrospray droplets that is based on Eq. (6). The polarizability of dielectric sphere α with dielectric permittivity ε is where V r = 4πr 3 /3 is the volume of the sphere. The dielectrophoretic force F dp acting on the aerosol droplet at the distance R from the center of the droplet carrying charge q is The integral of F dp from distance R to infinity is the dielectrophoretic potential Φ dp . Supposing the threshold value for this potential is equal to kT, the equation for effective dielectrophoretic radius, i.e., the radius of sphere, which limits the space around the electrospray droplet of radius r, where all neutral particulate with radius r p will be collected, is
FIG. 5:
Modeling of the dielectrophoretic scrubbing: (a) maximal electric charge carried by the electrospray droplet vs the radius of this droplet; (b) the effective dielectrophoretic radius for capturing aerosol particles of varied size calculated for radii of electrospray droplets (1) 10 nm, (2) 100 nm, and (3) 1 μm
, . dp r p R F q r dx kT
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Accounting for Eq. (8), using Eq. (7), suppose the water-based aerosol ε = 80ε 0 [Eq. (9)] was numerically solved for R at varied radius of electrospray droplet r and radius of aerosol particle r p . The results of these calculations are presented in Fig. 5(b) , which shows that the tenfold increase in the electrospray radius elevated the effective dielectrophoretic radius ~5 times, i.e., the bigger aerosol droplets collect the aerosol at a larger distance. Also, accounting for the aerosol range of interest from 300 to 1500 nm, the moving 1 μm aerosol droplet will collect all of the aerosol particles (of the aforementioned size range) at a distance of 100 μm from the trajectory of movement. The electrostatic enforcement of vapor condensation may be used for the improvement of phase-change heat conductors such as a heat pipe or thermosiphon. The electrically enforced depletion of the vapor phase decreases the thermal resistance of the thermosiphon because it stimulates the vapor flow and, finally, increases the evaporation of the liquid. This approach was successfully implemented as an improved dewatering technology (Reznikov et al., 2011) for the paper industry, where tests on the real paper production machine demonstrated 80% improvement of the evaporation rate from immobilized material with electric power consumption of ~130 W/m 2 . The opposite process, the condensation, may also be improved electrostatically. Currently, under DOE Grant DE-EE0005130 we are evaluating the possibility to enforce heat flow in the long, few kilometers thermosiphon installed in the geothermal well. The performance of such a system is based on utilization of the natural pressure distribution in the long thermosiphon and gravity-driven buoyancy of the liquid and vapor phases in the thermal guide shown in Fig. 6(a) . This heated downhole water floats upward and boils when it reaches the depth where the temperature and pressure allow for evaporation, as shown in Fig. 6(b) .
Usually the upward flow of the vapor phase (steam) in the phase-change guide is supported by the pressure difference between the evaporation surface and the condenser. In the case of a very long geothermal well, the diffusion vapor flow moving toward the condenser requires a significant temperature difference to override the pressure in the vapor column. As a result, the mass/heat flow is dramatically degraded. But the thermal flow may be restored if the thermosiphon's condenser is equipped with electrostatic vapor condensing system [see Fig. 6(b) ], which enforces the phase change (condensation) by dielectrophoresis forces. The nucleation of the liquid phase depletes the vapor and therefore generates the required pressure drop at a higher temperature than that in a conventional condenser. In contrast to barometric condensation, the difference in chemical potentials between the vapor and liquid phase results from the dielectrophoretic potential instead of the temperature difference, and no air is introduced to the system. A similar concept can be implemented in closed-circuit evaporative condensers after a power plant turbine, which will improve the geothermal plant's efficiency, especially during summer. 
